In the Drosophila antenna, sensory lineages selected by the basic helix -loop-helix transcription factor Atonal are gliogenic while those specified by the related protein Amos are not. What are the mechanisms that cause the two lineages to act differentially? We found that ectopic expression of the Baculovirus inhibitor of apoptosis protein (p35) rescues glial cells from the Amos-derived lineages, suggesting that precursors are removed by programmed cell death. In the wildtype, glial precursors express the extracellular-signal regulated kinase transiently, and antagonism of Epidermal Growth Factor (EGF) pathway signaling compromises their development. We suggest that all sensory lineages on the antenna are competent to produce glia but only those specified by Atonal respond to EGF signaling and survive. These results underscore the importance of developmental context of cell lineages in their responses to non-autonomous signaling in the choice between survival and death. q
Introduction
The ability of the fruitfly to respond to a variety of stimuli is reflected in the diversity of sense organs on its antenna and the anatomy of their connections to the brain. There are three morphologically distinct types of sense organs-coeloconica, trichoidea and basiconica-located in a stereotyped pattern on the antennal surface (depicted in Fig. 1A ; Venkatesh and Singh, 1984; Stocker, 1994; Shanbhag et al., 1999) . Neurons innervating these sense organs chose to express one from among a family of approximately 60 different olfactory receptor (OR) genes (reviewed in Vosshall, 2000) . The mechanism of this choice remains unknown although odor receptor maps and electrophysiological studies suggest that neurons expressing functionally similar ORs are clustered together (Vosshall et al., 1999; Clyne et al., 1999; de Bruyne et al., 2001) . What are the mechanisms that create this highly stereotypic and complex map on the antennal surface?
We now know that sense organ identity and positioning on the antennal surface is determined by the regulated expression of basic helix -loop -helix transcription factors encoded by the genes atonal (ato) and amos Goulding et al., 2000) . The spatiotemporal expression of these proneural genes is, in turn, regulated by genes that pattern the antennal imaginal disc (Jhaveri et al., 2000a) . Ato selects olfactory progenitor cells (OPCs) for the coeloconic sense organs while Amos specifies the basiconic and trichoid sensilla (Fig. 1B) . The choice between basiconic and trichoid identities is determined by the Runt family transcription factor, Lozenge (Lz) which regulates Amos activity (Gupta et al., 1998; Goulding et al., 2000) . OPCs, selected by either Ato or Amos follow similar, but not identical cellular events (summarized in Fig. 1C ; Sen et al., 2003) . In both cases OPCs do not divide but become associated within clusters of secondary progenitors which subsequently divide to form the cells which comprise a single sensillum (Ray and Rodrigues, 1995; Reddy et al., 1997; Sen et al., 2003) . In the lineages specified by Ato, but not Amos, one of the secondary progenitors (PIIb) undergoes an additional division to produce a glial cell identified by expression of the Reverse Polarity (Repo) protein (boxed-in area in Fig. 1C ; Jhaveri et al., 2000b) . In this paper, we investigate mechanisms that could result in two distinct lineages within the same epidermal field. What is the contribution of cell autonomous factors and long-range signals in conferring gliogenic properties to a subset of sensory progenitors during antennal development?
We show that the difference in gliogenic and nongliogenic lineages in the adult antenna arises as a result of programmed cell death (PCD). Our results suggest that the 'proneural context' within which a given cell originates together with non-autonomous signals influences the choice between glial fate and death.
Results

Programmed cell death results in the absence of glial cells from the amos lineage
Several lines of investigation published previously (Ray and Rodrigues, 1995; Reddy et al., 1997; Sen et al., 2003) have ascertained that the first cells to divide in the sensory lineages are the secondary progenitors-PIIa, PIIb and PIIc (depicted in Fig. 1C) . We estimated the numbers of sensory cells undergoing division at different times in the developing antenna by staining mitotic nuclei with antibodies against phosphorylated histone. We observed a peak of cell division between 16 and 24 h after puparium formation (APF; Fig. 2A ). Jhaveri et al. (2000a) demonstrated that only in those sensory lineages specified by Ato, PIIb produces a glial cell and a tertiary progenitor, PIIIb, which in turn divides to form the sheath cell and a neuron (Fig. 1C) . In Amos dependent lineages, PIIb is believed to directly give rise to a neuron and a sheath cell (Sen et al., 2003) . The difference between the two lineages could be entirely dependent on the nature of the proneural genes activated; Amos, for example, could direct a non-gliogenic lineage. On the other hand, the two proneural genes could specify similar division patterns but the glial cell precursor in Amos-lineages could be removed by PCD resulting in nongliogenic lineages. Death of nascent glia has been described recently in the mechanosensory bristles on the Drosophila adult notum (Fichelson and Gho, 2003) .
To test the latter possibility, we examined cell death profiles in developing pupal antennae using the terminal transferase assay (TUNEL; White et al., 1994) and attempted to correlate the timing of PCD with cell division profiles discussed above. The appearance of The cells are recognized by combinatorial expression of different markers: Neuralized-lacZ (Neu), Prospero (Pros), Elav, Seven-up (Svp) and Reverse Polarity (Repo). Each sense organ is prefigured by a single olfactory progenitor cell (OPC) which does not divide but associates with additional cells together forming secondary progenitors-PIIa, PIIb and PIIc. Division of these cells gives rise to the shaft (S), socket (So), sheath (sh) and neurons (N). In the coeloconic lineage (boxed-in region), the PIIb divides to form a glial cell and PIIIb.
TUNEL-positive cells peaked between 22 and 24 h APF consistent with the occurrence of PCD immediately after division of secondary progenitors ( Fig. 2A) .
We carried out TUNEL reactions on 22 -24 h APF antennae from lz-Gal4; UAS-lacZnls (Fig. 2B ) and ato-Gal4; UAS-lacZnls animals (Fig. 2C ). Double labeling with antibodies against b-galactosidase marked sensory cells arising from the Lz (Fig. 2B) and Ato (Fig. 2C) lineages, respectively. Lz::lacZ overlaps the regions of the antennal disc where amos expression occurs and labels all the basiconic and trichoid sensilla in the mature (36 h APF) antenna (Gupta et al., 1998; Goulding et al., 2000) . Hence for the purpose of this study, all cells in which lz-Gal4 expresses will be considered to belong to the Amosdependent lineages. ato-Gal4 drives reporter activity in proneural domains of the disc and subsequently in all cells of the coeloconic sense organs .
Most of the apoptotic nuclei observed during olfactory sense organ development co-localized with Lz::LacZ (arrows in Fig. 2B ) suggesting that death occurred mainly 
within the 'Amos-dependent' sensory clusters. Only very few TUNEL-positive cells were detected in regions where ato-lacZ expressed and these did not co-localize with the reporter expression (arrowheads in Fig. 2C ). If PCD is the mechanism used to remove glial precursors from Amos lineages, then their rescue would be expected to result in additional peripheral glia in the antenna.
We used the GAL4/UAS system (Brand and Perrimon, 1993) to target ectopic expression of baculovirus inhibitor of apoptosis protein (p35) to different cell types within the developing antennal disc. distalless 981 -Gal4 (henceforth called dll-Gal4), which drives expression in all cells of the antennal disc, resulted in the formation of . 300 glial cells (Fig. 2D) as compared to , 100 in the wildtype (Fig. 5B) . Other sensory cells-neurons, sheath, socket and shaft cells-within sense organs were unaffected (data not shown). Ectopic expression of p35 specifically in Ato lineages (ato::p35) did not alter glial number (Fig. 2E ). This means that the 'additional' glial cells rescued in dll::p35 must arise from lineages other than Ato. Mis-expression of p35 in Amos-dependent lineages using lz-Gal4, on the other hand, resulted in a significant increase in glial number (Fig. 2F ). While other explanations are possible, we believe that the somewhat lower number of glia obtained in lz::p35 as compared to dll::p35 could be accounted for by the strength of the P(Gal4) driver.
Further evidence that the glia rescued in dll::p35 arise from Lz/Amos lineages, comes from loss of function analysis of both ato and lz. An absence of all Ato-dependent cells caused by the strong hypomorphic allelic combination (ato 1 /Df(3R)p 13 ) did not completely suppress the glial phenotpe of dll::p35 (compare Fig. 2G with D) . The reduction of , 60 glia in ato 2 animals can be accounted for by the absence of the 'normal glia' which require Ato function for their development. Conversely, a strong mutation in the lz locus which results in an absence of all basiconic sensilla and most of the trichoidea completely rescued the effect of p35 mis-expression (Fig. 2H ). This demonstrates that the 'additional' glia were produced from lineages specified by Amos.
In order to ascertain which cells within the lineage (refer Fig. 1C) were deleted by apoptosis, we used a hs-Gal4 driver to express p35 at specific time points and measured the numbers of rescued glia (Table 1) . Early heat pulses up to 6 -8 h APF did not produce significant alterations in glial number, while pulsing during the 14 and 18 APF period resulted in a very large increase. The time period during which additional glia could be generated correlates well with the time of division of the secondary progenitors which occurs between 16 and 22 h APF (Sen et al., 2003) .
Expression of death effectors and rescue of apoptosis identifies the cell that is fated to die
In order to identify the cell within the Amos lineage that is fated to die, we re-examined the cellular events during development of sense organs (Ray and Rodrigues, 1995; Reddy et al., 1997) . At approximately 12-14 h APF, most sensory cells are associated in clusters of secondary progenitors (Sen et al., 2003) . Two cells in each clusterPIIb and PIIc-express the homeodomain protein Prospero (Pros) (Sen et al., 2003) . pros-Gal4;UAS-GFP recapitulates Pros expression at this stage and marks PIIb and PIIc and their progeny in all olfactory lineages. In the wildtype, a Repo-positive cell was associated with only a few of the total sensory clusters, these were all located within the coeloconic domain of the antenna (Jhaveri et al., 2000a) . Targeted expression of p35 using pros-Gal4 increased glial number indicating that cells which are the progeny of either PIIb or PIIc could be rescued from apoptosis ( Fig. 2I ). In the pros-Gal UAS-2XEGFP/UAS-p35 genotype, a glial cell was associated with most clusters at 18 h APF ( Fig. 3A -C) rather than in Ato lineages alone.
In order to directly visualize the cell undergoing apoptosis, we stained 22-24 h APF antenna from the neu A101 strain with antibodies against b-galactosidase to mark the sensory cells (green in Fig. 3D ) and with TUNEL. Sensory clusters located in basiconic and trichoid domains of the pupal antenna each had a single associated TUNEL positive cell ( Fig. 3D -F ). Since TUNEL reactivity does not report about the initiation of the death program, we also stained developing antennae at different time points with an antibody that recognized the activated caspase-Drice (CM1; Yu et al., 2002) . At 20 h APF, a single Dricepositive cell (Fig. 3H ) was found within each sensory cluster within the basiconic and trichoid domains of the pupal antenna ( Fig. 3G -I ). This cell also expressed low levels of Pros suggesting that it could arise from either PIIb or PIIc. This means that the PIIb/c in Amos lineages, like that in Ato, divides to give rise to a PIIIb and its sibling (Fig. 3P ). The sibling in the former lineage was not previously detected because it expresses only low levels of Pros and soon dies. Since this cell is capable of expressing hs-Gal4/þ ;UAS-p35 pupae were reared at 25 8C and pulsed at 37 8C for 1 h at various time periods. Animals were returned to 25 8C after the pulse and allowed to develop until 36 h APF. They were stained with anti-Repo and the numbers of glial cells estimated from confocal stacks. Each value represents the mean and standard error of counts from a minimum of five preparations.
the glial-identity gene repo when rescued from death, it is denoted as a glial precursor.
How is apoptosis of a specific cell within the lineage regulated? In Drosophila three genes-reaper (rpr), grim and head involution defective (hid) which all map under the Df(3L)H99 are necessary for the initiation of the death program (Abrams et al., 1993) . Heterozygotes of Df(3L)H99 show a small but significant increase in glial number over that of normal controls ðP , 0:005Þ: We used hid-lacZ to follow expression during antennal development; reporter activity occurs at low levels ubiquitously (Fig. 3J ) including in glial cells (Fig. 3K,L) . Levels of reporter expression indicate somewhat higher hid transcription in glia rescued by p35 mis-expression (Fig. 3M -O) . The presence of Hid in the 'normal' glial precursors suggests a mechanism dependent on possible trophic factors to keep cells alive. In several other systems signaling, mainly through the EGFR pathway, results in an antagonism of Hid action and transcription (Kurada and White, 1998; Bergmann et al., 1998) . The sustained levels of hid transcription in the rescued glia (Fig. 3M -O) , is not unexpected since inhibitors of apoptosis act by antagonizing a downstream event of caspase activation, rather than on Hid itself (Clem, 2001 ).
Is the action of the EGF pathway in Ato lineages required for the survival of glial cells?
The peripheral olfactory glia ensheath the axonal fascicles as they project towards the brain (Fig. 4A,B) . Antennae from animals deficient for ato (ato 1 /Df(3R)p 13 ), lack a large fraction of glia (Fig. 1C) ; the , 30 which remain, appear to arise elsewhere and migrate into the third segment of the antenna somewhat later during development (Dhanisha Jhaveri and Anindya Sen; unpublished observations).
Is death the default fate for all glial precursors and are there signals that keep Ato-glia alive? Several studies have provided compelling evidence for the role of receptor tyrosine kinase signaling in glial survival (Hidalgo, 2002; Bergmann et al., 2002) . In order to test this in the olfactory glia, we stained 14-16 h APF pupal antennae with antibodies against Pros and the phosphorylated form of ERK (pERK) (Fig. 5A) . The PIIb and PIIc cells are recognized by expression of Pros (Fig. 4D ) which becomes asymmetrically localized in PIIb during mitosis ( Fig. 4E ; Sen et al., 2003) . At this stage sensory cells do not express pERK. pERK was detected in the daughter of the first secondary progenitor to divide (probably PIIb, red in Fig. 4F,J ; Sen et al., 2003) . Staining with anti-Repo antibodies showed that this cell was glial (Fig. 4G) . Clusters showing pERK expressing cells were observed only in regions of the pupal antenna from where the coeloconic sensilla originate and not in the Amos-lineage sensory clusters. pERK expression decays rapidly as Repo rises; only occasional cells can be detected that show immunoreactivity to both (Fig. 4H,I ).
The presence of pERK in nascent glial precursors is evidence for receptor tyrosine kinase pathway signaling in these cells. Since EGFR activation is a well recognized signal for glial survival we decided to test the role of this pathway in glial cell development (Fig. 5A) .
Reduction of EGF signaling affects gliogenesis in Ato-dependent lineages
In order to demonstrate a role for EGF signaling during glial formation in the antenna, we used a hs-Gal4 strain and carefully timed heat-pulses to drive transient expression of various antagonists of the pathway (Fig. 5A) . Ectopic expression of a dominant negative form of human Ras (DNRasN17) between 14 and 15 h APF, severely reduced the numbers of antennal glia (compare Fig. 5C with B) . Similarly, expression of the inhibitory ligand Argos (Fig. 5D ) or a dominant negative construct of Drosophila (DN-EGFR; Fig. 5E ) compromised glial development. Since abrogation of signaling could, in principle, affect other developmental events, we stained antenna from 36 h APF pupae of relevant genotypes with support cell (Fig. 5F ) and neuronal (Fig. 6G ) markers to ascertain that these treatments did not affect sense organ development generally.
Interference with EGFR activity affected glial number, suggesting that signaling is required for their development and/or survival. We have shown that cells in the Amoslineage also produce glial precursors, which do not express pERK. This implies that Amos-lineage glial precursors fail to experience EGF signaling and are fated to die. This hypothesis could, in principle, be tested by constitutively activating the pathway in Amos lineages. These experiments were not possible to carry out since activation of EGFR at the time when Amos-dependent secondary progenitors (Sen et al., 2003) were undergoing division resulted in pupal lethality.
Possible source of the ligand required for survival of glial precursors in Ato lineages
Signaling through EGFR is modulated through secreted ligands which positively or negatively regulate the pathway (Fig. 5A) . In an effort to identify possible ligand(s) for EGFR during glial cell development, we examined the expression patterns of known activators and antagonists of the pathway (Fig. 5A ) using enhancer trap lines. Spitz-lacZ is expressed fairly uniformly at low levels in the epidermis of the antennal disc throughout development while ArgoslacZ is not expressed at all. The spatial and temporal expression of Vein-lacZ and Sproutz-lacZ (Sty-LacZ) supports a role in development of glia and requires further genetic analysis. Vein-LacZ was first detected at 18 h APF and expression was elevated at 20 h APF in a domain of the pupal antenna occupied mainly by coeloconic sensilla (dotted lines in Fig. 5G; refer Fig. 1A) . The fact that this is the region of the antenna from where most glia originate, is interesting in the light of data from other systems that demonstrate that Vein acts as gliotrophin Beck and Fainzilber, 2002) .
The EGFR antagonist Sty is expressed much more extensively in the antennal disc than Vein, but excludes domains where the Ato-dependent progenitors occurred (dotted region in Fig. 5I ; Gupta and Rodrigues, 1997) . Expression first appears at 10 h APF and continues until about 30 h APF. Careful examination of confocal sections through stained sty-lacZ and vein-LacZ antenna suggested that expression is within the epidermal cells. The region of cells strongly expressing Vein (Fig. 5G ) was located at a more superficial focal plane from the Repo-positive cells. The glial cells do not express Vein (compare Fig. 5G,H) . We next tested whether Vein was expressed in the neurons or support cells of the sense organs. Antennae from 36 h APF vein-lacZ animals were double-labeled with anti-bgalactosidase (red in Fig. 5J,K) and either the neuronspecific antibody mAb22C10 (green in Fig. 5J ) or anti-Pros (green in Fig. 5K ). In the fully differentiated sense organ Pros is expressed in sheath and socket cell (Sen et al., 2003) . Vein reporter expression did not co-localize with any of these markers, making it unlikely that cells of the sense organs themselves secrete Vein.
The spatial and temporal pattern of Vein and Sty expression is consistent with a role for these ligands in glial development. The region where Vein is expressed shows high pERK activity (Fig. 5L) suggesting activation of the EFGR pathway in the coeloconic (Ato) domains of the developing antenna. Sty, on the other hand is present in ). This cell has migrated away from the sensory cluster accounting for a change in shape as compared to F, G. (J) The secondary progenitor PIIb divides to give rise to a glial cell and its sibling PIIIb. The glial cell expresses Pros and pERK transiently. Repo expression persists and is turned on after pERK. PIIIb divides to form the sheath (Sh) and neuron (N). Neurons can be recognized by expression of Elav. Fig. 5I ). This localization is consistent with a role for Sty in antagonizing EGF activity in the secondary progenitors.
Rescued Amos glia do not interfere with the function of normal Ato-derived glia
We investigated whether the cells that are rescued from death show normal glial properties using the lz-Gal4;UAS-2XEGFP:UAS-p35 genotype. GFP expression highlighted the glial processes (Fig. 6A -C) which were indistinguishable from those in normal animals. Normal glia in wildtype pupal antenna (Fig. 6D) as well as the additional glia produced in dll-gal4::p35 (Fig. 6E ) are closely associated with sensory axons. In the wildtype, sensory afferents exit the antenna in three distinct fascicles (denoted 1,2,3 in Fig. 5D ). The organization of these fascicles was unaffected despite the large excess of glial cells in dll::p35 (Fig. 5E) . A lack of glia resulting either from hypomorphic mutations the ato locus (Fig. 5F ), or by abrogation of EGFR signaling (Fig. 5G) , resulted in an alteration of the fascicular pattern. This supports previous findings that the patterning of sensory axons into fascicles is instructed by peripheral glia (Jhaveri et al., 2000b) .
We further tested whether the presence of a large excess of glia could interfere with the projection of sensory neurons to their central targets. In the adult, lz::GFP labels only those neurons that project to two glomeruli-DM6 and DL3 (Fig. 6H ). Targeting to these glomeruli was unaffected in the animals expressing p35 (Fig. 5I) . Hence a greater than twofold increase in glial cell number appears to have no significant effect on the development of the olfactory pathway.
What then is the physiological basis for the removal by PCD of glial precursors from the Amos lineage? The possibility that inhibiting death in any cell type could lead to a default glial fate needs to be excluded. The arista is a useful system in which to test this, since its shaping involves high levels of PCD as seen by the TUNEL assay (Fig. 6K) ; inhibition of death by p35 expression results in a bloated aristal segment (He and Adler, 2001 ). We stained aristae from dll::p35 pupae with antibodies against Repo to detect glia. No additional glia were seen (not shown) but interestingly we noticed an increase in neurons from the normal number of six to 14^2. This observation rules out the formal possibility that glia arise whenever p35 is misexpressed and points to a role for PCD in determing neuronal number in the normal arista.
Discussion
We have revisited the olfactory lineages proposed earlier (Sen et al., 2003) and suggest the model shown in Fig. 7 . Results summarized in this paper suggest that lineages specified by both Ato as well as Amos undergo a similar pattern of cellular divisions and produce glial precursors in addition to sensory cells. The glial precursor in Amos lineages dies soon after birth before it turns on expression of Repo. This is distinct from the mechanosensory lineages on the Drosophila notum where glial cells are first formed and subsequently undergo apoptosis (Fichelson and Gho, 2003) .
What are the mechanisms by which lineage-specific survival is controlled? We provide evidence from genetic as well as expression analysis that members of the EGFR signaling pathway are necessary for determination of the peripheral olfactory glia. Staining with antibodies against phosphorylated ERK demonstrated that receptor tyrosine kinase pathways were active in the glial precursor in Ato, but not in Amos lineages. This can be explained either by a lack of trophic signals within Amos lineages or the presence of non-autonomous cues which suppress signaling. Hence the developmental history of a cell and its responsiveness to environmental cues determines its choice between death and a glial fate.
EGF signaling provides trophic survival signals for glia
Studies in organisms as diverse as mammals and flies are providing tantalizing clues about the role for EGF ligands as trophic signals for survival of glia (Hidalgo, 2002; Beck and Fainzilber, 2002) . In the Drosophila embryo, glial cells have been shown to die unless they receive trophic ligands emanating from the axons with which they associate (Sonnenfeld and Jacobs, 1995) . These survival signals operate through the EGF receptor/Ras/ MAPK pathway, which acts to suppress the activity of the pro-apoptotic molecule Hid (Kurada and White, 1998; Bergmann et al., 1998 Bergmann et al., , 2002 . We have shown that glial Vein-lacZ is maximally expressed is boxed-in. (G) This focal plane shows very few glia and an addition 3 mm are stacked in (H) to show glial cells (An additional 5 mm would show a large number of glia in the boxed-in region). Glial cells do not express vein-lacZ. (I) Sixteen hours APF antennal disc from sty-lacZ pupa stained with anti-b-galactosidase; ,five 1 mm sections are merged. Dotted lines denote the area where Ato-dependent progenitors are found . This region lacks Sty-lacZ staining. Inset shows a cluster of secondary progenitors stained with anti-Pros (red) and anti-bgalactosidase (green). ,Three 1 mm sections are stacked to show epidermal cells expressing Sty-lacZ bordering the secondary progenitors marked by Pros (red). (J, K) A higher magnification (scale bar, 20 mm) of a 36 h APF vein-lacZ pupal antenna stained with anti-b-galactosidase (red) and mAb22C10 (green in J) and anti-Pros (green in K). ,Six 1 mm sections are merged to show the Vein-expressing epidermal cells together with the neurons (J) and the socket and sheath cells (K). The sensory cells do not express Vein. (L) Twenty hours APF antenna stained with anti-pERK. ,Five 1 mm sections have been merged to show that the region of high Vein-LacZ expression (boxed-in area) also shows high pERK activity. Since these sections are not superfically located, the pERK activity is likley to be in the sensory cells.
cells from the Ato-lineages experience MAPK/ERK signaling necessary for survival.
What is the ligand that triggers EGF signaling in Ato-dependent glia? A domain on the surface of the antenna juxtaposed to the developing glia express the neuregulin homolog Vein. Positional cues could, in principle, serve to organize diverse cell types in a conserved pattern within a single epidermal field. Vein has been shown to act as a gliotrophin in several different systems including the longitudinal glia of the Drosophila embryo Hidalgo et al., 2001) . Midline glia respond to another trophic factor, the TGF-a family member Spitz, which, like Vein, activates EGFR signaling (Bergmann et al., 2002) . Several glia develop initially at the midline, but only a random subset survive because of competition for trophic factors. In the adult peripheral glia, survival is not stochastic . In dll-Gal4/þ; UAS-p35/þ (E), the fascicular pattern is unaffected and many of the 'rescued' glia are closely associated with sensory axons. In ato1/Df(3R)p13, glial number is greatly reduced and distinct fascicles of axons fail to form. Reduction of glia in hsGal4/UAS-DN-DER (G) also results in a single bundle of axons. Staining of the glia in this genotype is shown in Fig. 4C. (H, I ) Olfactory lobes stained with the synapse specific antibody mAbnc82 (red) and anti-GFP (green). Scale bar, 50 mm. Sensory projections into two identified glomeruli DL3 and DM6 occur normally in both lz-Gal4/þ; UAS-2XEGFP/þ as well as lz-Gal4/þ ;UAS-2XEGFP/UAS-p35 adults. (J). TUNEL staining of the aristal flagellum at 20 -24 h APF shows a large number of apoptotic nuclei. (K, L) Aristal neurons visualized by staining with mAb22C10. The six aristal neurons seen in normal animals (K) are increased ,14 in dll-Gal4/þ ; UAS-p35/þ. but is determined by the lineage of the cells from which they originate (Van De Bor et al., 2000) .
Reciprocal interaction between glia and neurons during normal development
Glial cells play diverse roles, ranging from neuronal development to maintenance and function of neural circuits (reviewed in Lemke, 2001; Hidalgo, 2003) . Molecular mechanisms that regulate glial diversity are just beginning to be unraveled (Yuasa et al., 2003; Freeman et al., 2003) . In neuroglioblast lineages, the binary choice between neurons and glia is determined by the expression of the glial determining gene glial cell missing (gcm) (Hosaya et al., 1995; Jones et al., 1995) . GCM has been shown to transcriptionally regulate several genes including Repo, which play important roles in gliogenesis and glial cell function. Fig. 7 . Model comparing the lineages of the Ato-derived and the Amos sensory organs. In both the Ato (A) and the Amos (B) lineage, the olfactory progenitor cell (OPC) does not divide but participates in a cluster of secondary progenitors distinguished by expression of different markers. The identity of the OPC within the cluster of secondary progenitors is not clear. PIIb divides to give rise to a PIIIb and a glial precursor. In the Ato lineage, the glial precursor responds to non-autonomous signals, turns on Repo expression and survives. This cell in the Amos lineage undergoes apoptosis presumably because of a lack of EGF signaling. PIIIb divides to form the sheath (Sh) and neuron (N); PIIc the neurons and PIIa the shaft (Sh) and socket (So) (Sen et al., 2003) .
The role of neurons in providing trophic factors specifying glia results in an intimate relationship which controls positioning of glia along the axon bundles. Peripheral glia migrating over axon trajectories experience a selection pressure preventing them from straying and losing contact with neurons. An absence of glia at their correct location has profound effects on neuronal pathfinding, patterning and survival (Booth et al., 2000; Jhaveri et al., 2000b; reviewed in Lemke, 2001) .
Our work provides one more instance where PCD plays a crucial role in the selection of a specific population of cell types during development (Richardson and Kumar, 2002) although the mechanisms employed still need to be elucidated. How does the development context of lineages of cells within a single epidermal field together with nonautonomous cues result in distinct consequences? The Drosophila antenna is a valuable system to address these issues because of the diversity of morphologically and molecularly distinct cell types located in a highly stereotyped architecture and the wealth of reagents available for study.
Experimental procedures
Fly strains
The enhancer trap strain P981 which carries an insertion in the dll gene was obtained from the Drosophila stock centre at Bloomington Indiana. The P(lacZ) insertion was converted to a P(Gal4) using the gene conversion strategy described by Sepp and Auld (1999) . The resulting dll 981 -Gal4 strain was crossed to UAS-GFP (kindly provided by A. Brand) to verify that it drove expression in the third segment of the antennal disc from the larval stage until late pupae. Other strains used in this study were pros-Gal4 (Chris Doe); lz-Gal4 (Utpal Banerjee); Mz317-Gal4 (Kei Ito); ato-Gal4 (Hassan et al., 2000) . hs-Gal4; neu-Gal4; neu A101 ; UAS-lacZnls; UAS-p35 on II and III chromosomes; UAS-Dominant negative Drosophila Epidermal growth factor receptor (UAS-DN-DER), UAS-ras.N17 (UAS-DN-mammalian Ras);UAS-Argos, UAS-Spitz, Sprouty-lacZ, (P1735), P(ry þ )vn 10567 ry 506 /TM3,ry RK Sb 1 Ser; were obtained from the Drosophila Stock Centre at Bloomington Indiana. hid-lacZ was kindly provided by Herman Steller, ato 1 and Df(3R)p 13 /TM3-Sb by Andrew Jarman, UAS-2XEGFP by Haig Keishishan and lz 3 by Reini Stocker.
For staging, white prepupae (0 h after puparium formation; APF) were collected and allowed to develop further on a moist filter paper at 25 8C. The pupal period of the Canton-S (CS) wildtype strain lasts 100 h under the conditions of our laboratory. When pupae were reared at other temperatures, ages were normalized with respect to growth of CS strain at 25 8C.
Heat shock experiments
Pupae of the appropriate genotype were collected at 0 h APF and aged for 14 h APF equivalent at 18 8C unless otherwise mentioned. They were introduced into vials containing moist filter paper and placed at 37 8C for various time periods depending on the genotype (30 min for hsGal4/UAS-DN-DER; 45 min for hs-Gal4/UAS-Argos and hs-Gal4/UAS-DN-Ras). Vials were returned to 18 8C and allowed to develop until 36 h APF equivalent. Pupal antennae were dissected and stained as described below.
Immunohistochemistry
Pupal-antennal discs were dissected, fixed in 4% formaldehyde in PEM buffer (0.1 M PIPES pH 6.9, 1 mM EGTA, 2 mM MgSO 4 ) for 40 min and washed with phosphate-buffered saline (PBS) containing 0.1% Triton X-100 (PTX). Preparations were blocked in PTX containing 1% Bovine Serum Albumin for 1 h at room temperature and incubated in primary antibody diluted in PTX overnight at 4 8C. Antibodies were used at the following dilutions: Adult brains were dissected, fixed in paraformaldehyde and stained with the mAbnc82 (1:20 Erich Buchner) as described by Laissue et al. (1999) .
Secondary antibodies were either anti-mouse, anti-rabbit or anti-rat IgG coupled to Alexa 488 (1:400, Molecular Probes) Alexa568 (1:400; Molecular Probes) or Cy5 (1:400, Amersham). Stained tissues were mounted in Vectashield (Vector Labs) and 1 mm sections were collected using a BioRad Radiance 2000 confocal microscope. Images were processed using Confocal Assistant software and Adobe Photoshop 5.0. Most of the figures are stacks of , 15 sections of 1 mm each. Where co-localization is to be examined, three to five 1 mm sections were stacked.
Examination of apoptotic cells
The TUNEL protocol was carried out as described by White et al. (1994) with minor modifications. Staged pupae were dissected, fixed in 4% formaldehyde in PBS for 30 min and rinsed several times in PTX. Preparations were incubated for 1 h at 37 8C in reaction mixture containing terminal transferase and fluorescein labeling dUTP (Boehringer-Mannheim). Samples were repeatedly washed in PTX after the reaction, mounted in Vectashield and imaged as described above.
